Nitric oxide (NO) affects many physiological systems by activating cGMP signaling cascades through soluble guanylate cyclase (sGC). In the accepted model, NO binds to the sGC heme, activating the enzyme. Here, we report that in the presence of physiological concentrations of ATP and GTP, NO dissociation from the sGC heme is Ϸ160 times slower than the rate of enzyme deactivation in vitro. Deactivated sGC still has NO bound to the heme, and full activation requires additional NO. We propose an activation model where, in the presence of both ATP and GTP, tonic NO forms a stable heme complex with low sGC activity; acute production of NO transiently and fully activates this NO-bound sGC.
Nitric oxide (NO) affects many physiological systems by activating cGMP signaling cascades through soluble guanylate cyclase (sGC). In the accepted model, NO binds to the sGC heme, activating the enzyme. Here, we report that in the presence of physiological concentrations of ATP and GTP, NO dissociation from the sGC heme is Ϸ160 times slower than the rate of enzyme deactivation in vitro. Deactivated sGC still has NO bound to the heme, and full activation requires additional NO. We propose an activation model where, in the presence of both ATP and GTP, tonic NO forms a stable heme complex with low sGC activity; acute production of NO transiently and fully activates this NO-bound sGC.
heme ͉ nucleotide regulation N itric oxide (NO) mediates blood vessel relaxation, complex aspects of myocardial function, perfusion and function of all major organs, synaptic plasticity in the brain, platelet aggregation, skin function, and numerous other physiological processes, by targeting and activating soluble guanylate cyclase (sGC) (reviewed in refs. [1] [2] [3] [4] [5] . Dysregulation of NO signaling, then, contributes to many types of disease state, from erectile dysfunction and heart disease, to neurodegeneration, stroke, hypertension, and gastrointestinal disease, to name a few (reviewed in refs. [6] [7] [8] .
In vivo and ex vivo tissue studies of NO have revealed two fundamentally distinct and paradoxical signaling modes: tonic and acute. Tonic NO describes the continual low-level production of NO that elicits a long-lasting low-level cGMP signal (9) . Under resting conditions such as normotension, inhibition of nitric oxide synthase (NOS) or sGC results in vasoconstriction; therefore, tonic NO-elicited cGMP production maintains homeostatic vascular tone. Relaxation of smooth muscle requires an acute burst of NO synthesis, typically triggered by acetylcholine, and cGMP levels rise rapidly (10) . These data, which describe two separate effects of NO, cannot be explained by the established binary model for NO regulation of sGC: that NO activates sGC solely by binding to its heme cofactor.
The N-terminal Ϸ180 aa of the ␤1 subunit of sGC form an evolutionarily conserved protoporphyrin-IX heme domain with spectral properties similar to the holoenzyme (11) (12) (13) . NO binding to the sGC heme is diffusion-limited; however, oxygen does not bind to sGC, and carbon monoxide (CO) binding is at least 10 6 -fold weaker than NO. Thus, the sGC heme environment is a specific NO sensor. The C-terminal domains of each subunit are homologous to the catalytic domains of adenylate cyclase and fold together to form the active site of the enzyme (14) . In the existing activation model (Fig. 1 , black scheme), NO binds to the heme of sGC (15) , forming a six-coordinate intermediate (16) (17) (18) . The rate of conversion of this intermediate to the final five-coordinate ferrous-nitrosyl species depends on the concentration of NO; thus, nonheme NO accelerates rupture of the proximal histidine-iron bond. Breaking of this bond is thought to result in a conformational change in the catalytic domain of the enzyme, accelerating the basal rate of conversion of GTP to cGMP several hundred fold (17, 19, 20) .
Although the phenomena of tonic and acute effects of NO͞ cGMP are widely acknowledged, the in vivo data are clearly inconsistent with the in vitro binary model for sGC activation by NO. In vivo data suggest that NO is both a long-lasting partial agonist and a transient full agonist of sGC, whereas the in vitro binary model suggests that NO simply switches the enzyme between inactive and fully active states. The sGC heme-NO complex is extremely stable, inconsistent with a rapid deactivation profile in vivo. Recent data also suggest that full activation of sGC by NO at the heme requires high levels of the cyclase reaction products [cGMP and͞or pyrophosphate (PP i )] before NO binding (21) . Furthermore, ATP at physiological concentrations inhibits sGC activity by as much as 50% (22, 23) . Clearly, NO and nucleotides affect sGC function in ways not previously appreciated. We have studied the activation and deactivation of sGC in the presence of physiological concentrations of ATP (Ϸ1 mM) and GTP (Ϸ200 M) (24) , and have uncovered two distinct modes of NO activation. One activation state is low and stable and is due to NO binding to the heme. An acute transient activation state of the enzyme depends on nonheme NO. Together, these two states support a model that explains, under physiologically relevant nucleotide levels, how NO activates sGC to effect the tonic and acute NO signaling modes observed in vivo.
Materials and Methods
Expression and Purification of Recombinant His-Tagged sGC. Briefly, a C-terminal His-tag was added to the ␣1 subunit of rat lung sGC. The Bac-to-Bac baculovirus expression system (Invitrogen) was used to generate recombinant ␣ and ␤ baculoviruses according to the manufacturer's protocol. Sf9 cells (American Type Culture Collection) were cultured in Ex-Cell 420 insect serum-free medium (JRH Biosciences) supplemented with 10% FCS (HyClone) and 1% antibiotic-antimycotic (Invitrogen). For protein expression, 1-liter cultures were coinfected with H 6 ␣1 and ␤1 baculoviruses and harvested after 3 days in an orbital shaker at 28°C. sGC was purified to homogeneity by using Ni affinity chromatography and anion exchange chromatography. Purified sGC (exhibiting an A 278 ͞A 431 Ͻ 1.1) was concentrated to 5-10 M in a Vivaspin 6 50k filter (VWR Scientific), flash-frozen, and stored in liquid N 2 . Protein purity was assessed by SDS͞PAGE and was routinely Ͼ95%. Protein concentrations were calculated from the A 431 by using an extinction coefficient of 148,000 M Ϫ1 ⅐cm Ϫ1 (25) . Data were replotted according to Eq. 2 describing a decline in enzyme activity:
Ϫln (2)t t1͞2 ϩ activity basal .
[2]
Effect of Nucleotides on the Activity of Ferrous-Nitrosyl sGC. To make ferrous-nitrosyl sGC, aliquots of diethylammonium
were added to sGC in the absence or presence of 30 M GMPCPP and͞or 1 mM ATP, and the reaction was monitored by electronic absorbance spectroscopy. Addition of DEA͞NO was continued until only a small shoulder at 431 nm remained, at which point the protein was assayed. In some experiments, PROLI͞NO [t 1/2 ϭ 1.8 s at 37°C (29)] was used; no difference was observed when using this compound. Full conversion to 399 nm was not attained to ensure that no excess NO existed in solution. Using the extinction coefficients of sGC and ferrous-nitrosyl sGC, we generated simulated spectra of mixed populations and overlaid them on observed spectra for each addition of NO to sGC (Fig. 6 , which is published as supporting information on the PNAS web site). This allowed us to calculate the percentage of ferrous-nitrosyl sGC in each mixture. Assays in the spectrophotometer were initiated by addition of GTP, mixing, and initiation of data collection. Spectra were acquired every minute throughout all assays, which contained 400 nM sGC, 6 mM MgCl 2 , and 3 mM GTP. After 5-6 min, the reactions were quenched by the withdrawal of 100 l from the cuvette and addition to 400 l of 125 mM Zn(CH 3 CO 2 ) 2 , to which was then added 500 l of 125 mM Na 2 CO 3 . The cGMP formed was quantified by EIA.
Activation of Ferrous-Nitrosyl sGC by Excess NO. Assays were conducted in the spectrophotometer at 22°C as follows. sGC (400 nM) in 50 mM Hepes, 2 mM DTT, and 5 mM MgCl 2 (pH 7.4) was premixed in a cuvette with or without 30 M GMPCPP and increasing concentrations of ATP (0 M, 375 M, 750 M, 1.5 mM, or 3.3 mM). Stoichiometric PROLI͞NO was added to the sGC͞ nucleotide mix for 1 min, and then 2-min assays were initiated by the addition of GTP to 1.5 mM. Spectra were acquired every 30 s throughout the course of each assay. For each assay, the final concentration of ferrous-nitrosyl sGC was determined by comparison to calculated spectral mixtures of sGC and ferrous-nitrosyl sGC as above. Experiments were conducted in triplicate, and cGMP accumulation was measured by EIA. For experiments with excess NO, assays were performed as above, except that the sGC concentration was 67 nM, and 1.5-ml Eppendorf tubes were used.
Effect of Nucleotides on NO Binding to the sGC Heme. sGC (400 nM) with or without ATP and͞or GMPCPP in 50 mM Hepes (pH 7.4), 2 mM DTT, and 5 mM MgCl 2 was placed in a cuvette at 22°C. The same substoichiometric amount of PROLI͞NO was added to each sGC͞nucleotide mix. Electronic absorption spectra were acquired after 1 min, corrected for baseline drift, and overlaid for comparison of ferrous-nitrosyl sGC formation, as determined by absorbance increase at 399 nm and decrease at 431 nm. To examine the In the scheme depicted in black, NO binds rapidly to the basally active five-coordinate ferrous heme, forming a six-coordinate ferrous-nitrosyl intermediate. At a rate that depends on NO concentration, the final five-coordinate complex is activated several hundredfold. In the scheme depicted in red, the modulation of the formation and dissociation of the sGC heme-NO complex is shown, as well as the activation state of ferrous-nitrosyl sGC, by ATP, GTP, and NO.
rates of Fe-His bond cleavage in the absence and presence of nucleotides, sGC (400 nM) in 50 mM Hepes (pH 7.4), 2 mM DTT, and 5 mM MgCl 2 was premixed at 4°C with 0 M or 200 M GTP and 0 M, 500 M, or 3 mM ATP. PROLI͞NO (2 M) was added, and spectra were collected every 12 s.
Effect of YC-1 on the Activation of sGC by NO. Ferrous-nitrosyl sGC was prepared by the addition of DEA͞NO to obtain mostly ferrous-nitrosyl sGC, as described above. YC-1 stocks were made up in DMSO. In all assays, the final concentration of DMSO was 1%, which does not significantly affect enzyme activity. Assays were carried out in duplicate at 22°C as follows. A 50-l aliquot of enzyme (sGC, ferrous-nitrosyl sGC, or ferrous-nitrosyl sGC plus excess NO) with or without YC-1 was added to 50 l of 50 mM Hepes (pH 7.4), 50 mM NaCl, 5 mM MgCl 2 , and 1.6 mM GTP. Final concentrations were 200 nM sGC, 1.5 mM MgCl 2 , 800 M GTP, and 100 M YC-1, in a reaction volume of 100 l. Assays were quenched, and cGMP was quantified by EIA. Final ferrousnitrosyl sGC concentrations were determined by comparison to calculated spectral mixtures of sGC and ferrous-nitrosyl sGC as before. The effect of YC-1 on the deactivation of sGC activated by excess NO was also investigated. sGC with or without YC-1 in 50 mM Hepes (pH 7.4) and 50 mM NaCl was activated with DEA͞NO (4 M) in 90 l. An aliquot (10 l) of an NO trap solution, containing HbN as the NO trap, MgCl 2 , and GTP, was added to the sGC-NO solution. The final assay concentrations were 67 nM sGC, 5 M HbN, 5 mM MgCl 2 , 3 mM GTP, and 100 M YC-1. Assays were quenched, and cGMP was quantified by EIA.
Miscellaneous. The NO donors DEA͞NO and PROLI͞NO were from Cayman Chemical. No difference was observed for any experiment when NO gas was used instead of a NO donor. The noncyclizable GTP analogue GMPCPP was from Jena Bioscience. All other chemicals were from Sigma unless otherwise stated.
Results and Discussion
We first analyzed rates of NO dissociation from the sGC heme. sGC-NO was produced by addition of a small excess of the NO donor PROLI͞NO to sGC in the presence of GTP, ATP, or both nucleotides; Mg 2ϩ was always present. To remove excess NO, prevent rebinding, and chemically destroy dissociated NO, a CO͞ dithionite trap was used (27, 30) . In the absence of nucleotide, or in the presence of ATP, the NO-heme off-rate is extremely slow (0.00031 Ϯ 0.00002 s Ϫ1 ; t 1/2 ϭ 37 min). In the presence of the substrate GTP, the NO-heme off-rate is rapid (0.18 Ϯ 0.01 s Ϫ1 ; t 1/2 ϭ 3.9 s); however, when both ATP and GTP are present, the NO-heme off-rate is again extremely slow (0.00031 Ϯ 0.00002 s Ϫ1 ; t 1/2 ϭ 37 min) ( Fig. 2A) . The same rates are observed when a noncyclizable analog of GTP (GMPCPP) is used (data not shown). Thus, GTP, in a turnover-independent fashion, accelerates the NO off-rate from the sGC heme by Ϸ500-fold, and ATP blocks this GTP effect. Intriguingly, the GTP effect occurs only if it is present with sGC before NO addition, or if it is added to sGC in the presence of excess NO. GTP has no effect on the NO-heme off-rate if it is added simultaneously with the NO trap (data not shown). The rapid dissociation of NO in the presence of GTP would be consistent with the rapid deactivation rates observed in vivo. However, physiological concentrations of ATP block the ability of GTP to accelerate the dissociation of NO from the sGC heme. This finding suggests that in the presence of ATP and GTP, deactivation of sGC should be extremely slow. The current binary model states that deactivation of sGC correlates with NO dissociation from the heme (Fig. 1, black scheme) . Thus, we predicted that, because the NO-heme off-rate is slow in the presence of ATP and GTP, the deactivation of sGC would be correspondingly slow. Deactivation studies of sGC under similar conditions as for NO dissociation were carried out. sGC was premixed with GMPCPP, ‡ ‡ ATP, or both, and excess NO. Deactivation assays were initiated by the addition of substrate and a NO trap, which acts by removing all excess and dissociated NO from solution as the assay progresses. In the presence of GMPCPP, deactivation was rapid (t 1/2 ϭ Ϸ7 s), in good agreement with previously reported values [t 1/2 ϭ Ϸ4 s (28)]. Surprisingly, the deactivation of sGC is extremely rapid in every situation, regardless of nucleotide or NO trap (Fig. 2 B and C; and see Fig. 7 , which is published as supporting information on the PNAS web site). ATP does not slow deactivation of sGC despite the slow NO-heme off-rate we observe when ATP is present. The rapid deactivation of sGC observed in the presence of ATP and GTP, although consistent with in vivo observations of sGC deactivation, is inconsistent with the paradigm that NO binding solely to the heme results in full activation. In the presence of ATP and GTP, it is the removal of nonheme NO that results in the rapid deactivation of sGC.
The Ϸ160-fold difference in the rates of NO dissociation and sGC deactivation as described above suggests that NO remains bound to deactivated sGC. In fact, we were able to isolate deactivated sGC and show that the heme remained largely NO-bound (see Supporting Text and Fig. 8 , which are published as supporting information on the PNAS web site). This finding is consistent with a recent report in which a low-activity species of sGC with NO bound to the heme was described. In this report, when excess NO was removed from sGC, the activity of the resulting ferrous-nitrosyl enzyme was 10-20% of full activity (21) . Together, these observations indicate that the formation of ferrous-nitrosyl sGC is not always sufficient for full enzyme activation. Indeed, when we deactivate sGC in the presence of ATP and GTP, a ferrous-nitrosyl species with low-activity results. This is contrary to the current model, which maintains that ferrous-nitrosyl sGC is the activated form of sGC, and that loss of NO from the heme is the mechanism by which deactivation occurs.
Binding of NO to the sGC heme is not sufficient for full activation; some other factor must be required for full activation. In the report by Russwurm and Koesling (21) , the authors show that high concentrations of substrate GTP (5 mM) or the cyclase reaction products cGMP (1 mM) or pyrophosphate (PP i ) (600 M), when present with sGC before the addition of NO, result in fully active enzyme without excess NO. They concluded that it is these products, not GTP, that are responsible for enabling full activation of sGC by NO. However, the concentration of cGMP used in their experiments is orders of magnitude higher than estimated physiological concentrations of cGMP [0.1-10 M (31)]. In light of our data above indicating that the effect of GTP on sGC activation by NO is turnover-independent, we confined the experiments reported here to more physiological concentrations of GTP when investigating the ability of nucleotides to regulate NO activation of sGC.
To determine the activity of the ferrous-nitrosyl species of sGC formed in the absence of excess NO and in the presence of ATP and GTP, a concentration of NO substoichiometric with the sGC heme was used to form the ferrous-nitrosyl complex. For each experiment, the concentration of ferrous-nitrosyl sGC was calculated (Fig.  6) , and the activity due to that species was determined. When sGC is premixed with GMPCPP, formation of the ferrous-nitrosyl sGC species leads to full activity. If GMPCPP is added after the formation of the ferrous-nitrosyl sGC species, activity is low (data not shown). When ATP is present with GMPCPP, ATP essentially blocks GMPCPP from affecting formation of fully active ferrousnitrosyl enzyme (Fig. 2D) . Thus, in the presence of ATP and GTP, binding of NO to the sGC heme does not fully activate the enzyme, implying that excess NO is required to fully activate the ferrousnitrosyl sGC.
We next investigated the effect of excess NO on the low-activity ferrous-nitrosyl sGC species formed in the presence of ATP and GTP. sGC was premixed with a fixed concentration of GMPCPP and increasing concentrations of ATP. Activities were then determined in the presence of substoichiometric or excess NO. As before, the concentration of ferrous-nitrosyl sGC was calculated, and the activity due to that species was determined. With substoichiometric NO, when no nucleotide is premixed with sGC, the activity of the ferrous-nitrosyl enzyme is low (Fig. 2 E and F) . Premixing GMPCPP with sGC leads to a ferrous-nitrosyl species with full activity. As the concentration of ATP increases, the ability of GMPCPP to effect formation of the fully active ferrous-nitrosyl species is progressively blocked, resulting in an increasing proportion of low-activity ferrous-nitrosyl sGC. Full activation of this low-activity species is only possible by the addition of excess NO.
The data presented thus far suggest a previously uncharacterized model for activation and deactivation of sGC (Fig. 3) . Under physiological ATP and GTP concentrations, low concentrations of NO (tonic NO) bind to the sGC heme, resulting in a low-activity stable species. This ferrous-nitrosyl species is sensitized to further activation by additional NO. High concentrations of NO (acute NO) rapidly and fully activate sGC. As soon as NO concentrations drop, the enzyme deactivates, returning to its sensitized ferrousnitrosyl state. When cellular ATP levels are low, any ferrousnitrosyl sGC formed in the presence of GTP will be fully active. It is currently unknown where ATP and GTP bind to exert their effect ‡ ‡ For activity studies, we used the GTP analogue GMPCPP, which is not turned over by sGC, for premixing instead of GTP. Premixing with low concentrations of GMPCPP produces the same effect as GTP in spectral studies and does not interfere with enzyme activity. Fig. 3 . A previously uncharacterized model for sGC activation and deactivation. When ATP and GTP are present (the most likely physiological scenario), the ferrous-nitrosyl species is extremely stable at low NO concentrations and has low activity. Higher NO concentrations fully activate sGC, albeit transiently. When ATP levels drop (such as under conditions of cellular stress), GTP and NO at the heme are sufficient for full enzyme activity, which is also transient. Although ATP and GTP are depicted binding to the same or overlapping sites, it remains possible that the nucleotides bind to separate sites on the enzyme.
on sGC activity. A recent modeling and mutational study suggests that both ATP and GTP bind to a pseudosubstrate site in the catalytic domains (22) ; however, it remains a possibility that ATP and͞or GTP might bind elsewhere on the enzyme.
While studying the effect of nucleotides on ferrous-nitrosyl sGC, we noticed that ATP inhibits NO binding to the sGC heme, whereas GTP increases binding. We observed that when a fixed substoichiometric concentration of NO is added to sGC ( max 431 nm) in the presence of increasing concentrations of ATP, less formation of the ferrous-nitrosyl species ( max at 399 nm) occurs (Fig. 4A ). These observations were unaffected by the presence of a fixed concentration of GMPCPP (Fig. 4B) . Furthermore, GMPCPP alone increases ferrous-nitrosyl formation compared with the nucleotidefree sample (Fig. 4C) . To observe the effect of nucleotide on heme-NO binding over time, sGC was mixed with a fixed amount of GTP and increasing concentrations of ATP. NO was then added, and binding was monitored at 4°C. In the absence of nucleotide, as described in Fig. 1 (black scheme) , binding of NO to the heme proceeds through a six-coordinate intermediate, with a max at 420 nm (18) . In the presence of GTP, the six-coordinate intermediate is barely evident (Fig. 4D ). This finding indicates that conversion of the six-coordinate intermediate to the five-coordinate complex is accelerated by GTP. Similar data have been reported (21) . However, when ATP is included with GTP, a peak at 420 nm appears. This peak is indicative of the six-coordinate intermediate and becomes more prominent as the concentration of ATP is increased (Figs. 4 E-G) . Thus, acceleration of the formation of fivecoordinate ferrous-nitrosyl sGC by GTP is inhibited by ATP.
The ability of ATP to slow formation of the final heme-NO complex and the acceleration of this conversion by GTP correlates with the effect of each nucleotide on NO dissociation rates. Importantly, ATP blocks any acceleration by GTP of the formation or dissociation of the five-coordinate NO-heme complex. These observations lead us to propose a biochemical scheme relating NO binding dynamics at the sGC heme with enzyme activity (Fig. 1, red  scheme) . In the presence of GTP, formation and dissociation of the final heme-NO complex are rapid, and the activity of the corresponding ferrous-nitrosyl species is high. However, in the presence of ATP and GTP, heme-NO complex formation and dissociation are slow, and the corresponding ferrous-nitrosyl species has a low activity. This low-activity ferrous-nitrosyl species requires nonheme NO to be fully activated. Physiologically, the most likely scenario is one in which both ATP and GTP are present with sGC; in this scenario, NO will bind to sGC to form stable low-activity ferrousnitrosyl complexes sensitized to full activation by subsequent acute NO signals.
To date, physiological and therapeutic NO signaling studies have been designed and interpreted based on the binary model of NO activation of sGC. Clearly, in the presence of ATP and GTP, NO regulates not one, but two activation states of sGC. At low NO concentrations, such as the tonic NO production in tissues, the sGC heme forms a stable complex with NO. This ferrous-nitrosyl species has a persistent, low activity when ATP and GTP levels are normal. Acute concentrations of NO (typically in the low to mid nanomolar) fully activate ferrous-nitrosyl sGC, and deactivation of fully activated sGC is rapid. Although direct observation of the ligation state of sGC is not possible in vivo, YC-1, an exogenous activator of sGC (32) , might act as a reporter for the presence of the low-activity ferrous-nitrosyl species. Previous reports have shown that the effects of YC-1 on basal and NO-stimulated activities of sGC are minimal, but that it synergistically activates low-activity ferrous-CO sGC (33, 34) . Because ferrous-nitrosyl sGC has low activity in the presence of ATP and GTP (vide supra), the effect of YC-1 on the activity of this species was determined. We found that YC-1 fully activates the low-activity ferrous-nitrosyl enzyme (Fig. 5) . Furthermore, when YC-1 and excess NO are mixed with sGC, rapid deactivation with a NO trap does not occur, as reported (28) . Given that YC-1 does not affect the rate of dissociation of NO from the sGC heme (S.P.L.C. and M.A.M., unpublished work), we conclude that it is a stable synergistic activator of low-activity ferrous-nitrosyl sGC.
Many physiological studies with YC-1 describe it as a NOindependent activator of sGC, or point to its effects as proof that CO is coactivating sGC. For instance, YC-1 dilates blood vessels without exogenous NO or acetylcholine; this YC-1 effect in tissues is reversed extremely slowly (35) . Other studies found that, after an acute NO signal in cerebellar cells, sGC is deactivated almost immediately to a low-activity ''desensitized'' state (36, 37) . Subsequent addition of YC-1 fully reactivates this sGC species. Our data suggest that the use of YC-1 in vivo stimulates cGMP production by synergizing with the low-activity ferrous-nitrosyl sGC that is likely present in tissues. This finding may explain why YC-1 can have such a potent, long-lived effect on resting tissue or deactivated sGC: low-activity sGC with a stable ferrous-nitrosyl complex will be stably and fully activated by YC-1. We proposed that YC-1 synergizes with a low-activity NO-bound species of sGC to mimic activation by high concentrations of nonheme NO.
The data presented in this article suggest that tonic and acute NO signal transduction in vivo is due to the two NO activation states we observe in vitro. The stable low-activity state of sGC and the transient high-activity state, both of which are regulated by NO, appear to be essential properties of NO͞cGMP signaling. A lowactivity NO-bound species of sGC was recently observed, but because it did not form in the presence of substrate, it was discounted as physiologically irrelevant (21) . The data we report here show that ATP mediates formation of this low-activity NObound species; furthermore, we show that NO dissociates from this species Ϸ500 times more slowly than the NO-bound species formed in the presence of GTP alone. It has been proposed that the ability of ATP to directly affect sGC activity provides the cell with a mechanism for linking NO͞cGMP signaling with changes in cellular metabolism (23) . Here, we have extended the understanding of how ATP affects NO͞cGMP signaling, providing insight into the mechanism of direct ATP regulation of sGC activity in the context of physiological nucleotide levels. Furthermore, the studies we describe here on NO-heme association and dissociation, and sGC activation and deactivation, provide a model consistent with in vivo observations of the amplitude and duration of tonic and acute sGC activity. Perhaps the most striking example of tonic and acute NO͞cGMP signaling working in concert is in hippocampal longterm potentiation (LTP) (38) . Tonic NO is required before and after the acute NO signal to achieve LTP. As a behavioral correlate to LTP, blocking the hippocampal NO͞cGMP pathway in rats immediately after an inhibitory avoidance learning task produces amnesia (39, 40) . Furthermore, when YC-1 is administered before or after a learning task, it enhances learning and memory (41, 42) . Because we show here that NO can affect sGC activity in two fundamentally distinct ways, we believe that NO signaling studies in tissues, and the development of therapeutics, must consider this previously uncharacterized NO duality.
